Introduction
============

Recent improvements in chemotherapy, including the use of biological agents, have been shown to prolong the survival of patients with metastatic colorectal cancer (mCRC), with a recorded median overall survival time of 30 months ([@b1-ol-0-0-6338],[@b2-ol-0-0-6338]). For patients with mCRC and liver metastasis, liver resection combined with systemic therapies resulted in a 5-year survival rate of 25--40% ([@b3-ol-0-0-6338]). Combination regimens using various biological agents with cytotoxic chemotherapy achieved high response rates and a reduced tumor size ([@b4-ol-0-0-6338]). This enables liver resection for mCRC patients with borderline resectable, as well as un-resectable, liver metastasis.

Tumor response to chemotherapy is the initial step in the selection of patients who are most likely to benefit from surgery. Changes in the characteristics of liver metastases may be assessed with respect to surgical and oncological viewpoints. In addition to the technical considerations, the ability of the tumor to be resected and its biology are the most important factors that determine the outcome of the patients. Candidates for tumor resection of liver metastases should have surgically resectable masses and be oncologically stable. The patients should also be unlikely to relapse within a short period of time following surgery ([@b5-ol-0-0-6338]--[@b11-ol-0-0-6338]).

The Response Evaluation Criteria in Solid Tumors (RECIST) model is widely used to evaluate tumor response, however, since its introduction, there has been increasing concern regarding the use of traditional tumor response criteria ([@b12-ol-0-0-6338],[@b13-ol-0-0-6338]). This is due to RECIST being limited in its application in assessing the response of tumors to biological agents that exhibit a cytostatic mechanism of action. For patients with metastatic gastrointestinal stromal tumors, RECIST using anatomical information only (such as tumor size), has been shown to significantly underestimate the initial tumor response to imatinib ([@b14-ol-0-0-6338]). This is since patients that exhibit a stable response to imatinib have a similar outcome to those who achieve a complete response (CR) or partial response (PR) when evaluated using RECIST ([@b15-ol-0-0-6338]). Several studies have shown that morphological response is an improved alternative to RECIST for predicting the outcome of patients with colorectal liver metastases ([@b16-ol-0-0-6338]--[@b18-ol-0-0-6338]). However, the potential clinical application of morphological evaluation has not been attempted for the selection of patients most likely to benefit from surgery. The present study examined whether evaluations that included morphological criteria were useful in selecting the best therapeutic strategy for patient treatment.

Patients and methods
====================

### Patients

A total of 50 patients with mCRC and unresectable liver metastasis were recruited for the present retrospective study. The patients had histologically confirmed and measurable mCRC. Each patient underwent oxaliplatin-based chemotherapy, with or without bevacizumab, between May 2008 and November 2012 at the Saitama Medical Center (Jichi Medical University, Saitama, Japan). The present study was approved by the Research Ethics Committee of Jichi Medical University.

### Imaging analysis

Tumor morphology was assessed using enhanced computed tomography (CT) and characterized according to the criteria previously described ([@b16-ol-0-0-6338]): Group 1, homogeneous low attenuation with a thin, sharply-defined tumor-liver interface; group 3, heterogeneous attenuation with a thick, poorly-defined tumor-liver interface; and group 2, intermediate morphology that could be rated as either group 1 or 3. A change in morphology between group 3 or 2 to group 1 was defined as an optimal response (OR; [Fig. 1](#f1-ol-0-0-6338){ref-type="fig"}), and a group 3 to group 2 change was defined as an incomplete response (IR). The absence of marked changes in tumor morphology was defined as no response (NR; [Fig. 1](#f1-ol-0-0-6338){ref-type="fig"}). In patients with multiple tumors, morphological response was assigned based on changes observed in the majority of the tumors. Response to chemotherapy was also determined using RECIST.

### Statistical analysis

Fisher\'s exact test was used to examine the association between two categorical variables. Continuous comparison of the variables between two groups was performed. Unpaired t-tests were used for those variables that followed a normal distribution, and the non-parametric Mann-Whitney-Wilcoxon test was used for those variables that did not follow a normal distribution. P\<0.05 was considered to indicate a statistically significant difference. Values are shown as the mean ± standard error. Progression-free survival (PFS) and overall survival (OS) data were plotted as Kaplan-Meier curves, and the differences among the groups were compared using a log-rank test.

Results
=======

### Characteristics of patients

The present study included 34 men and 16 women with a median age of 65 years (range, 45--83 years). A total of 28 patients presented with primary colon tumors, while the other 22 patients were diagnosed with tumors of the rectum. Liver metastasis was detected simultaneously in 34 patients and metachronously in 16 patients. Solitary liver metastases were observed in 19 patients and multiple metastases were observed in 31 patients. A total of 30 patients presented with metastasis in extrahepatic regions, including 10 in the lymph nodes, 9 in the lung, 5 in the intra-peritoneum, 2 in the bone, 2 in the pelvic node at the anastomotic site, one in the spleen and one in the ovarian. The size of the largest metastasis ranged from 9 to 140 mm, with a median size of 47 mm. All patients underwent oxaliplatin-based chemotherapy with or without bevacizumab as the first line of treatment. The treatment regimens were mFOLFOX6 in 15 patients, which included 200 mg/m^2^ folinic acid, 400 mg/m^2^ 5-FU and 85 mg/m^2^ oxaliplatin on day 1, followed by 46 h of continuous infusion with 2,400 mg/m^2^ 5-FU on days 1 and 2 and XELOX in the remaining 35 patients, which consisted of 2,000 mg/m^2^ capecitabine on days 1--15) and 130 mg/m^2^ oxaliplatin on day 1. A total of 19 patients were also treated with bevacizumab, anti-vascular endothelial growth factor (VEGF) antibody: For one patient treated with mFOLFOX6 regimen, 5 mg/kg bevacizumab was administrated on day 1 and q14d, and for 18 patients treated with XELOX regimen, 7.5 mg/kg bevacizumab was administrated on day 1 and q21d.

### Morphological response rate

The morphological response rate following treatment with or without bevacizumab is shown in [Table I](#tI-ol-0-0-6338){ref-type="table"}. There were 14 responders (28.0%), including 7 patients with an OR (14.0%) and 7 patients with an IR (14.0%). A total of 36 patients (72.0%) showed NR. The rate of patients classified as OR/IR who were treated with bevacizumab was 47.4% (9/19), whereas for patients who did not receive bevacizumab, the rate was 19.4% (6/31).

### CT evaluations according to RECIST and morphological criteria

Using RECIST, 10 patients had a CR/PR, 27 had stable disease (SD) and 13 had progressive disease (PD). No significant difference was observed in PFS time between those patients who were classified as CR/PR and those patients who had SD/PD (10.9 months for CR/PR vs. 8.6 months for SD/PD; P=0.2604; [Fig. 2A](#f2-ol-0-0-6338){ref-type="fig"}). According to the morphological criteria, 14 patients were classified as having OR/IR, while 36 patients had NR. PFS time for patients showing OR/IR was significantly improved when compared with patients showing NR (13.2 months for OR/IR vs. 8.7 months for NR; P=0.0426; [Fig. 2B](#f2-ol-0-0-6338){ref-type="fig"}). For those patients who showed PD, they also had a short PFS period (4.0 months; n=16) compared with the SD and CR/PR groups (P\<0.0001). Therefore, these patients were classified as group 1 and used as a comparison to patients in the other groups using RECIST and morphological criteria. The RECIST criteria did not show any significant difference in PFS time between patients with CR/PR and SD (11.5 months for CR/PR vs. 11.0 months for SD; [Fig. 2C](#f2-ol-0-0-6338){ref-type="fig"}). Morphological criteria, however, revealed an increase in the difference in PFS time between those patients with OR/IR and those with NR (15.1 months for OR/IR vs. 9.3 months for NR; P\<0.0001; [Fig. 2D](#f2-ol-0-0-6338){ref-type="fig"}). Among those patients who had SD, those treated with bevacizumab had improved median PFS times compared with those who did not receive bevacizumab (13.1 months for bevacizumab and chemotherapy vs. 10.0 months for chemotherapy alone; P=0.3415). This indicated that bevacizumab may exhibit an antitumor effect that does not result in a reduction in tumor size or morphological criteria. Comparison of the survival curves between the OR/IR and NR groups showed that they remained close to each other up to 6 months after chemotherapy (the second period of CT evaluation), but the curves then diverged from each other subsequent to this date. The median PFS was \>15 months for patients classified as having an OR or IR. These results indicated that tumors in patients showing OR/IR AT 6 months\' post-treatment were oncologically stable, which would make the patients candidates for surgical intervention, including rescue liver resection ([Fig. 3](#f3-ol-0-0-6338){ref-type="fig"}).

### Univariate analysis

Univariate analysis revealed that morphological response was the only significant prognostic factor for PFS following chemotherapy ([Table II](#tII-ol-0-0-6338){ref-type="table"}), therefore multivariate analysis was not carried out.

### Representative optimal response case

A 60-year-old man presented with CRC and unresectable liver metastasis. The CT images shown in [Fig. 4A and B](#f4-ol-0-0-6338){ref-type="fig"} indicate that the patient had multiple liver metastases. The tumors appeared to exhibit heterogeneous attenuation with a thick, poorly-defined tumor-liver interface, which placed the patient in group 3, based on the morphological criteria. The patient was subsequently treated with mFOLFOX6 and bevacizumab, including 200 mg/m^2^ folinic acid, 400 mg/m^2^ 5-FU and 85 mg/m^2^ oxaliplatin on day 1 and 5 mg/kg bevacizumab on day 1 and q14d, followed by 46 h of continuous infusion with 2,400 mg/m^2^ 5-FU on days 1 and 2, following resection of the ascending colon. After 2 months, the tumors in the liver had changed to become classified as homogeneous low attenuation masses with a thin, sharply-defined tumor-liver interface, which now placed the patient in group 1 ([Fig. 4C and D](#f4-ol-0-0-6338){ref-type="fig"}). At the same time, the liver tumors demonstrated an OR; however, during the study, tumors that were OR were not classified as being oncologically stable and resectable, and as such, the patient continued receiving chemotherapy. At 16 months post-chemotherapy, the size of tumors were reduced ([Fig. 4E and F](#f4-ol-0-0-6338){ref-type="fig"}) and showed no accumulation on positron emission tomography-CT (data not shown), therefore, a resection of the liver tumors was performed. [Fig. 5A-C](#f5-ol-0-0-6338){ref-type="fig"} show the pathological features of the tumor, which consisted of necrosis, granulation and fibrosis, with a clear borderline between the tumor tissue and the non-tumor tissue. [Fig. 5D](#f5-ol-0-0-6338){ref-type="fig"} shows the radiological imaging of the tumor with morphological response, which may have been a result of pathological change induced by bevacizumab. While the tumor exhibited a major response according to the tumor regression grade ([@b19-ol-0-0-6338]), it was revealed to possess living tumor cells at the edge of the necrotic tissue. The living tumor cells were distributed in a way that was consistent with the area of vascular reconstruction of a mouse xenograft model induced by the anti-vascular endothelial growth factor (VEGF) antibody ([Fig. 5E and F](#f5-ol-0-0-6338){ref-type="fig"}) in a previous study ([@b20-ol-0-0-6338]). Therefore, the pathological change may have been a result of the antitumor effect of the bevacizumab that the patient received.

Discussion
==========

The present study demonstrated that patients with mCRC with liver metastasis showing OR/IR within 6 months of chemotherapy were oncologically stable, which made the patients candidates for rescue liver resection. Assessment of the morphological response contributed to the selection of the therapeutic strategy, which included surgical intervention for patients with mCRC who underwent chemotherapy for their initially unresectable tumors.

Assessment of morphological response has been reported to be a good predictor of therapeutic outcomes for patients undergoing chemotherapy ([@b16-ol-0-0-6338]--[@b18-ol-0-0-6338],[@b21-ol-0-0-6338],[@b22-ol-0-0-6338]), whereas conventional size-based criteria, such as RECIST, may be limited in assessing the response of the patient to biological agents that exhibit a cytostatic mechanism of action. The present data revealed that the prognostic advantage of an optimal morphological response of patients with mCRC undergoing chemotherapy with bevacizumab was consistent with results of previous studies ([@b16-ol-0-0-6338]--[@b18-ol-0-0-6338]). Furthermore, the present study provides evidence for the clinical application of morphological criteria in selecting the therapeutic strategy for those patients who most likely benefit from surgery.

Advances in combination chemotherapy with biological agents have improved the response rates of patients and may reduce the size of tumors ([@b4-ol-0-0-6338]). This allows liver resection of patients with mCRC with borderline resectable, as well as unresectable, liver metastasis. In the present study, chemotherapy was used to treat the primary tumor prior to its resection, which was then followed by a hepatectomy.

The limitation of this strategy includes the lack of a clear definition of what constitutes a resectable liver tumor ([@b3-ol-0-0-6338]). Technical considerations pertaining to the resectability of the tumors may be overcome when there is a reduction in the size of the tumor, although oncological concerns may remain. Several guidelines produced by the European Society for Medical Oncology ([@b23-ol-0-0-6338]) and the National Comprehensive Cancer Network ([@b24-ol-0-0-6338]) outline the management of patients with mCRC and liver metastasis. While these guidelines take into account the number, location and distribution of the liver tumors, there is no consensus on how to apply these characteristics to determine whether surgery is indicated. Patient candidates for liver resection are those unlikely to relapse within a short time period following surgery; that is, the patients must possess oncologically stable tumors. The present study was conducted to examine whether morphological criteria are useful in the selection of patients with oncologically stable tumors. The present data shows that the patients who had an OR/IR presented with stable disease and a median PFS period of 15.1 months. As such, they may be classified as potential candidates for rescue liver resection.

While the decision for resection is clear for patients with an OR/IR, those patients whose tumors had a complete response following chemotherapy should also be considered. Benoist *et al* ([@b25-ol-0-0-6338]) reported that persistent macroscopic or microscopic residual disease, or early recurrence *in situ*, was observed in 55 (83%) of 66 liver metastases that were classified as having a CR on imaging. Therefore, resectable tumors should be treated with surgical intervention while they can be identified on imaging. The majority of patients who showed a morphological response in the present study were classified at the first or second assessment using CT 3--6 months after chemotherapy. The 6-month point is important, as it is the time when a decision is made on whether surgical intervention for rescue liver resection is appropriate for a patient.

The morphological criteria was first reported in 2009 as a novel surrogate marker for the prognosis of patients with mCRC undergoing chemotherapy, including bevacizumab ([@b16-ol-0-0-6338]), and was later validated surgically ([@b18-ol-0-0-6338]) and medically ([@b26-ol-0-0-6338]) in treated populations. The reasons behind why the morphological response has a predictive value for prognosis in patients treated with bevacizumab should also be considered. It has been reported that the pathological response induced by bevacizumab is associated with patient OS ([@b19-ol-0-0-6338]). A change in morphology, as determined by CT imaging, includes vascular reconstruction, which is believed to be a response to treatment with bevacizumab. By comparison with the pathological and morphological features of the tumor of the representative optimal response case in the present study, living tumor cells were revealed to be distributed within a vascular reconstruction area that was induced by an anti-VEGF antibody in a previous study ([@b20-ol-0-0-6338]). From the present study, it was revealed that morphological response correctly predicted the pathological change produced by the antitumor effect of bevacizumab, which meant that it had predictive value in the prognosis of the patients treated with bevacizumab.

Although the definition of resectable liver metastases has changed, it has been estimated that 20--30% of patients with liver metastases are potential candidates for liver resection ([@b27-ol-0-0-6338],[@b28-ol-0-0-6338]). Recent phase III trials have shown that the increased use of liver resection as a treatment option has significantly impacted the survival of the CRC population ([@b1-ol-0-0-6338],[@b2-ol-0-0-6338]). The liver resection rate in more recent phase III trials has been between 10 and 14% for patients who underwent liver resection ([@b1-ol-0-0-6338],[@b29-ol-0-0-6338]). This means that 10--16% of patients with mCRC remained excluded from surgical treatment. For these patients, the loss of opportunity to be considered for liver resection means they may become candidates for rescue liver resection by assessment of their morphological response.

In conclusion, the present findings provided evidence for physicians to consider previously un-resectable mCRC patients as candidates for surgical treatment. However, it is important to interpret the present results within the context of the study limitations, such as retrospective analysis and selected population, and additional studies may be undertaken prior to definitive guidelines for their clinical application being made.
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![Change in morphology according to morphological response. Optimal response was defined as the change in morphology from the tumor harboring heterogeneous attenuation with a thick, poorly-defined tumor-liver interface (group 3) to homogeneous low attenuation with a thin, sharply-defined tumor-liver interface (group 1). No response was defined as absence of marked changes in morphology (no change from group 3). Arrows highlight metastatic liver tumors in which morphology were estimated prior and subsequent to chemotherapy. (A) Representative image of case 1 with optimal response prior to chemotherapy and (B) subsequent to chemotherapy. (C) Representative image of case 2 with optimal response prior to chemotherapy and (D) subsequent to chemotherapy. (E) Representative image of case 3 demonstrating no response prior to chemotherapy and (F) subsequent to chemotherapy. (G) Representative image of case 4 demonstrating no response prior to chemotherapy and (H) subsequent to chemotherapy.](ol-14-02-1491-g00){#f1-ol-0-0-6338}

![PFS estimated by RECIST and morphological criteria. (A) Comparison of PFS between patients showing CR/PR and SD/PD estimated by RECIST. (B) Comparison of PFS between patients showing OR/IR and NR estimated by morphological criteria. (C) Comparison of PFS between CR/PR, SD and PD. Morphological criteria enhanced the difference in PFS between patients with OR/IR and those with NR. (D) Comparison of PFS between OR/IR, no response and PD. Bevacizumab may exhibit antitumor effects without reducing tumor size and morphological criteria may detect a cytostatic effect of bevacizumab. PFS, progression-free survival; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; RECIST, Response Evaluation Criteria in Solid Tumors; NR, no response; IR, incomplete response; OR, optimal response.](ol-14-02-1491-g01){#f2-ol-0-0-6338}

![Comparison of PFS between the OR/IR, NR and PD groups. The survival curves of the OR/IR and NR groups were close to each other at 6 months after initial treatment, followed by a large difference. Median PFS \>15 months was observed in the patients with OR/IR. These results indicated that tumors in the patients showing OR/IR for at least 6 months were oncologically stable and they may be candidates for surgical intervention, including rescue liver resection. PFS, progression-free survival; OR, optimal response; IR, incomplete response; NR, no response; PD, progressive disease.](ol-14-02-1491-g02){#f3-ol-0-0-6338}

![Changes in morphology in computed tomography imaging prior to and following chemotherapy. (A and B) Changes in morphology prior to chemotherapy. Changes in morphology (C and D) 2 months after chemotherapy and (E and F) 16 months after chemotherapy.](ol-14-02-1491-g03){#f4-ol-0-0-6338}

![Comparison of features of resected specimens of the tumor, computed tomography imaging and vascular reconstruction of the xenograft in mouse model induced by anti-VEGF antibody. (A) Macroscopic results of the resected liver specimens. (B) Magnified macroscopic results (magnification, ×3) of the tumor with clearly defined borders. (C) Pathological findings of the tumor with fibrous and necrotic changes. The tumor harbors living cells at the edge of the necrotic tissues (black arrow). (D) Radiological imaging of the tumor (E) Vascular reconstruction of the xenograft in mouse model induced by anti-VEGF antibody prior to and (F) following treatment. \*Refers to ([@b12-ol-0-0-6338]). The radiological imaging of the tumor with morphological response may be a result of pathological change by bevacizumab, which lead to vascular reconstruction shown in mouse model. VEGF, vascular endothelial growth factor.](ol-14-02-1491-g04){#f5-ol-0-0-6338}

###### 

Morphological response rate according to treatment with or without bevacizumab.

  Treatment                          Patients, n   Optimal response, n (%)   Incomplete response, n (%)   No response, n (%)
  ---------------------------------- ------------- ------------------------- ---------------------------- --------------------
  Total                              50              7/50 (14.0)             7/50 (14.0)                  36/50 (72.0)
  Chemotherapy with bevacizumab      19              5/19 (26.3)             4/19 (21.1)                  10/19 (52.6)
  Chemotherapy without bevacizumab   31            2/31 (6.5)                4/31 (12.9)                  25/31 (80.6)

###### 

Univariate analysis concerning the prediction of progression free survival in the 50 patients.

  Factors                          n    Coefficient (95% CI)   P-value
  -------------------------------- ---- ---------------------- ----------------------------------------------------
  Gender                                0.816 (0.419--1.588)   0.549
    Male                           29                          
    Female                         21                          
  Primary tumor site                    0.758 (0.412--1.393)   0.372
    Colon                          28                          
    Rectum                         22                          
  Occurrence of metastasis              1.436 (0.769--2.685)   0.256
    Simultaneous                   34                          
    Metachronous                   16                          
  Number of liver metastasis            1.159 (0.630--2.133)   0.634
    \<5                            27                          
    ≥5                             23                          
  Extra hepatic lesions                 0.600 (0.321--1.123)   0.110
    Positive                       30                          
    Negative                       20                          
  Size of largest metastasis, cm        0.886 (0.479--1.639)   0.701
    \<5                            29                          
    ≥5                             21                          
  Bevacizumab                           0.889 (0.462--1.710)   0.725
    Yes                            19                          
    No                             31                          
  RECIST                                0.565 (0.266--1.198)   0.136
    CR/PR                          10                          
    SD/PD                          40                          
  Morphological change                  2.131 (1.005--4.517)   0.048^[a](#tfn1-ol-0-0-6338){ref-type="table-fn"}^
    Response                       14                          
    No response                    36                          

P\<0.05. CI, confidence interval; CR, complete response; PR, partial response; SD, stable response; PD, progressive disease.
